The authors reviewed 22 papers and determined that unilateral nephrectomy during childhood causes increased risk for lower renal function, cardiovascular disease, and overall mortality after the fifth decade of life.
ABSTRACT:
The aim of the present study was to find out if in children ablation of 50% of renal mass may be associated with a progressive renal damage (Brenner's hypothesis). We collected 1035 adult or adolescent survivors who underwent nephrectomy for unilateral oncological or non-oncological causes during childhood. Stratification of all survivors for age revealed that the number of subjects with blood hypertension and/or renal dysfunction (glomerular filtration rate < 90 mL/min per 1.73 m 2 ) to be significantly higher in survivors ≥30 years old in comparison with younger patients. Available data on long-term renal function after nephrectomy during childhood support the Brenner's hypothesis.
In the Munich-Wistar rats, a 5/6 ablation of renal mass is followed by the so-called remnant kidney syndrome, characterized by hypertension, proteinuria, and segmental glomerulosclerosis. These experiments support the Brenner's hypothesis that hyperfiltration in remnant nephrons in response to renal ablation contributes to progressive renal injury. 1 In children with unilateral Wilms tumour, the risk of endstage renal disease (ESRD) after nephrectomy, at 20 years follow-up from diagnosis, is very low. 2 This finding supports the concept that renal injury caused by hyperfiltration in children may be considered very unlikely after ablation of 50% of renal mass. 3, 4 This view has been challenged by several population studies indicating that mild or moderate low glomerular filtration rate (GFR between 89 and 30 mL/min per 1.73 m 2 ) due to medical causes may be associated with an increased non-ESRD morbidity and mortality risks. 5, 6 Therefore, hyperfiltration may be clinically important if it causes not only ESRD but also a low GFR.
Furthermore, a recent study indicates that Wilms tumour long-term survivors (up to 50 years) present with increased mortality risks mainly due to cardiac disease or to second neoplasm. 7 Actually, the increased risks of cardiovascular disease and mortality may be related with the increased morbidity and mortality risks associated even with small gradations in diminished GFR. 5, 6 The GFR outcome after nephrectomy in children may be different from that associated with nephrectomy in adults. Indeed, children experience physiological renal function decline after the age of 30 years. In addition, children have a much longer life-expectancy. Therefore, the study of renal function outcome after ablation of 50% of renal mass during childhood gives the opportunity to study renal function outcome beyond many years from nephrectomy. Furthermore, animal studies indicate that immature rats, in comparison with adult rats, present in response to renal mass ablation with a greater degree of remnant kidney hypertrophy and, at long-term follow-up, with the development of more severe glomerular injury.
The present study is a review of the papers published during the past three decades on renal function outcome in adolescents and adults after ablation of 50% of renal mass in childhood. The aim of the present review is to find out if unilateral nephrectomy during childhood for oncological and non-oncological causes is associated during adolescence and adulthood with increasing numbers of subjects with signs of progressive renal damage (Brenner's hypothesis).
Search strategy
We did a computerized search of biomedical medical literature from MEDLINE/Pubmed and EMBASE/Ovid from January 1985 to December 2016. We reviewed English language original articles found under the subjects heading: unilateral nephrectomy in children. We included all papers reporting GFR in adolescents and adults who underwent nephrectomy during childhood. We excluded studies not reporting age at follow-up or post-nephrectomy interval. Of 367 papers, we excluded 327 reports based on abstracts and/or titles. We reviewed 40 full-text articles. In addition, reference lists of the latter publications were scrutinized for additional reports. Finally, we identified 22 eligible articles describing 1035 patients.
Long-term cross-sectional renal function studies
Nephrectomy for non-oncological causes (Group-non)
In 1985, Robitaille et al. performed the first study designed to test the validity of Brenner's hypothesis in children who had undergone nephrectomy mainly for unilateral nononcological causes. The mean AE SD of endogenous creatinine clearance of 27 children after nephrectomy (hydronephrosis in 18 patients, Wilms tumour in four, renal dysplasia in three, and trauma in two) was 83. The mean creatinine clearance in children who underwent nephrectomy was 74.3% of that of normal controls. In addition, the mean creatinine clearance did not significantly change after a mean follow-up of 23 years since nephrectomy. Furthermore, there were no significant differences at 23 years follow-up in systolic and diastolic blood pressures, as well as in prevalence of proteinuria. The remaining kidney of the three patients with low creatinine clearances could have been already diseased because two had renal dysplasia and one had hydronephrosis. The conclusion was that in humans post-nephrectomy hyperfiltration per se is very seldom of clinical importance, unless nephrectomy is associated with diseases of the remaining kidney. 3 (Table 1) However, subsequent reports indicated that, during adulthood after nephrectomy in childhood for non-oncological causes, a subset of patients may present with one or more signs of renal damage even in absence of associated diseases of the remaining kidney. [9] [10] [11] [12] [13] Interestingly, Westland et al. found that one or more signs of renal injury (defined as low GFR, and/or hypertension, and/or proteinuria, and/or use of renoprotective medication) were more frequently found in the acquired single functioning kidney in comparison with congenital single functioning kidney (45% vs. 31%; P = 0.002). The difference was explained with a higher prevalence of congenital anomalies of the kidney and the urinary tract (CAKUT) in the acquired single kidney cohort. In the study, patients with single functioning kidney as a result of nephrectomy for renal malignancy were excluded (KIMONO cohort). 14 Five reports included in Group-non (Table 1) Wikstad et al. studied the renal function in a cohort of 36 patients born with renal agenesis or who underwent uni-nephrectomy during childhood for non-oncological causes and a normal contralateral kidney. They found that GFR, evaluated with inulin clearance, declined significantly, whereas blood pressure and albumin excretion increased significantly in the group with an extended follow-up of 26-40 years (11 subjects) in comparison with the group with follow-up of 7-15 years (13 subjects). The conclusion was that these data suggest a "moderate" risk for renal damage with aging. 10 In 1993, Baudoin et al. studied renal function in surviving patients up to 50 years after nephrectomy mainly for nononcological causes and a normal contralateral kidney. The GFR was measured with renal clearance of polyfructosan. Before the age of 30 years, mean AE SD GFR (90 AE 14 mL/ min per 1.73 m 2 ) was approximatively 75% of normal twokidney values. In addition, mean AE SD systolic blood pressure was 131 AE 10 mmHg, mean AE SD diastolic blood pressure was 75 AE 9 mmHg, and urinary albumin excretion was 25 AE 43 mg/day per 1.73 m 2 . Mean GFR of 46 patients older than 30 years was significantly lower, whereas mean systolic blood pressure, mean diastolic blood pressure, and mean urinary albumin excretion were significantly higher in comparison with 60 patients younger than 30 years. The conclusion was that the rate of GFR decline after the age of 30 years was not alarming (1.5 mL/min per year) because the renal function may be on average maintained for other 50 years without ESRD. 13 In 1988 Regazzoni et al. reported that GFR, measured with creatinine clearance, remained within normal range values in 13 patients with a post-nephrectomy interval of 11-20 years and 14 patients with a post-nephrectomy interval greater than 20 years. However, older patients, in comparison with healthy normal subjects with two kidneys, presented a significant decrease in renal function reserve capacity. 9 Finally, in 2013 Westland et al. reported that the group of congenital single kidney (223 patients) and the group of acquired single kidney (184 patients) presented a progressive renal damage. Indeed, the cumulative proportions of patients to remain free from renal injury was 86% at one year follow-up and 40% at 15 years follow-up. 14 
Nephrectomy for oncological causes (Group-onc)
We identified 15 articles [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] on renal function in 619 adolescent and adult patients after unilateral nephrectomy for oncological causes (Table 2 ). Most reports were from Europe (73%), although studies were also reported from USA (two studies), Australia (one study), and India (one study). GFR was measured using creatinine clearance 15, 16, 19, 20, 25 , or radioactive tracer, 17, 18, 21, 23 or measured from serum creatinine concentration using estimated equations. 21, 23, 24, [26] [27] [28] [29] . In patients nephrectomized for oncological causes we found significant differences in mean GFR (72.8-112.1) probably due to various prevalence of patients with low nephron number endowment and to different , and/or 20% of patients with increased urinary protein excretion, and/or 10% of patients with blood hypertension. The prevalence of subjects with one or more signs of renal damage ranged from 4% to 84%. The values of GFR and of albuminuria after nephrectomy for oncological causes were significantly lower and higher, respectively, when compared with a cohort of childhood cancer adult survivors who did not undergo nephrectomy. 25 
Renal function in patients with longest follow-up
Patients of studies including one or more subjects ≥30 years old (Group ≥30) 3,10,11,13,15,24-27 were compared with patients of studies including only subjects younger than 30 years (Group <30). 11, 13, 14, [16] [17] [18] [19] [20] [21] [22] [23] [24] 28, 29 Group-non and Group-onc patients with longest follow-up presented a very significant increase in the number of patients with GFR <90 mL/min per 1.73 m 2 (Table 3 ). In addition, Group-onc and Groupnon patients with longest follow-up presented a similar percentage of patients with GFR <90 mL/min per 1.73 m 2 (38% vs. 41%; P = 0.63) (Fig. 1) . This difference was not significant also in Group <30 (14% vs. 24%; P = 0.07) ( Table 3) . Group-onc patients with longest follow-up presented a very significant increase in the number of patients with hypertension (Table 3 ). In addition, Group-onc and Group-non patients with longest follow-up presented with a non-significant difference in percentage of patients with hypertension (18.4% vs. 25%) (Fig. 1) . This difference was significant in Group <30 (7.5% vs. 27%; P = <0.0001) ( Table 3) . Group-onc and Group-non patients with longest follow-up presented with a similar percentage of patients with albuminuria (Table 3 ). In addition, Group-onc and Group-non with longest follow-up presented with a very significant difference in percentage of patients with albuminuria (18% vs. 32%; P = 0.007) (Fig. 1) . This difference was not significant in Group <30 (21% vs. 24%; P = 0.35) ( Table 3) .
Group-onc + Group-non patients with longest follow-up, in comparison with youngest patients presented with a very significant increase in percentage of patients with GFR <90 mL/min per 1.73 m 2 (20.3% vs. 40%) (Fig. 2) . Similarly, Group-onc + Group-non patients with longest followup presented with a significant increase in percentage of patients with hypertension (15% vs. 21%) (Fig. 2) . In addition, Group ≥30 patients of Group-onc + Group-non presented with a non-significant increase in percentage of subjects with albuminuria (22% vs. 23%) (Fig. 2) .
Only two renal function cross-sectional studies included patients over 50 years. The Baudoin et al. paper shows that, of five patients over 50 years of age, who underwent nephrectomy for non-oncological causes, four presented with GFR < 90 mL/min per 1.73 m 2 , three with hypertension and three with albuminuria. 13 In addition, a study by our group found that during the fifth decade after surgery seven of eight patients who underwent nephrectomy for Wilms tumour, presented an GFR between 86 and 46 mL/min per 1.73 m 2 .
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Comment
The concept that patients after ablation of 50% of renal mass are able to recover approximatively 75% of the normal two-kidney GFR values was revised. It was underlined that some children after nephrectomy for oncological causes are able before adolescence to restore a two-kidney GFR values and another subset is not able to restore the two-kidney GFR values and present with chronic kidney disease (CKD). 23, 30, 31 The most reasonable explanation of the maladaptive renal function recovery after nephrectomy is that some patients may have a low nephron number endowment. 30, 31 The variability of human glomerular number is much larger than previously ascertained. The mean range of values estimated in five studies during the last 20 years varies from 227 327 to 1 959 914 nephrons per kidney. Subjects at the lower end of this spectrum may be more predisposed to blood hypertension and renal dysfunction. Long-term cross-sectional studies of renal function outcome after nephrectomy during childhood for oncological and non-oncological causes suggest that a number of survivors present with signs of renal damage, including GFR <90 mL/min per 1.73 m 2 , hypertension, and albuminuria.
The renal damage may be not related to nephrotoxic chemotherapy or radiotherapy or disease of remnant kidney. [9] [10] [11] [12] [13] After the age of physiological decline of renal function (30 years) many patients who underwent nephrectomy during childhood present with a decline in mean GFR, and/or increase in mean systolic and diastolic blood pressure, and/or an increase in mean albumin excretion. The majority of patients surviving more than 50 years after nephrectomy may present with signs of renal damage. These findings support the concept of a progressive damage of remnant kidney with aging after ablation of 50% of renal mass in humans. Westland et al. previously found that nephrectomy for non-oncological causes at a mean followup of 15 years, was associated with a progressive renal damage. 14 The present cross-sectional data suggest that also nephrectomy for oncological causes is associated with progressive renal damage. This is a follow-up study of renal function up to the fifth decade of life after nephrectomy in childhood for oncological causes.
Long-term longitudinal renal function studies
Nephrectomy for oncological and non-oncological causes
Cross-sectional study designs do not necessarily reflect true age-related changes because the older subjects may represent selected survivors. However, data of the few longitudinal studies of renal function in adolescents and adults who underwent nephrectomy in childhood approximate the cross-sectional data. Regazzoni et al. followed with repeated creatinine clearances for more than 20 years, 37 patients who underwent nephrectomy for non-oncological causes during childhood (0.5-10 years = 10 cases; 11-20 years = 13 cases; >20 years = 14 cases). The mean GFR was not statistically different from GFR of normal controls and remained unchanged until early adulthood. However, the renal reserve capacity decreased significantly. 43 of 53 patients after nephrectomy for unilateral Wilms tumour. However, despite the increase in GFR, at a followup of 13 years, 32% of patients presented with one or more signs of renal damage. 18 Likewise, Mavinkurve-Groothuis et al. assessed the eGFR of 31 Wilms tumour survivors at different follow-up time points. They found that renal function remained stable up to 15 years of age after nephrectomy. However, at a follow-up of over 10 years they found a progressive renal injury that was less frequent in Wilms tumour survivors (23%) in comparison with a matched group of KIMONO cohort of acquired single kidney for nononcological causes (54%). 28 A study with sequential measurements of GFR up to adolescence demonstrated that patients with CKD (GFR <90 mL/min per 1.73 m 2 ) had a negligible increase of preoperative mean AE SD eGFR (75 AE 25 vs. 79 AE 3.9 mL/min per 1.73 m 2 at follow-up after nephrectomy for oncological causes. Conversely, patients with GFR >90 mL/min per 1.73 m 2 at follow-up after nephrectomy for oncological causes, showed a significant increase of pre-operative mean AE SD GFR (81 AE 24 mL/min per 1.73 m 2 ) and recovered to a two-kidney mean GFR values (102 AE 3 mL/min per 1.73 m 2 ). 31 These findings supported the concept that only subjects with a low nephron number endowment are not able to recover to two-kidney GFR values after nephrectomy. 30, 31 A different nephron number endowment may explain why some reported data may appear to be discordant. Mulder et al. made a longitudinal study on renal function of 147 survivors of childhood cancer. They showed that nephrectomy was associated with a lower GFR (nephrectomy effect: P < 0.001). In addition, the GFR time trend up to 35 years was significantly lower in comparison with patients not treated with nephrectomy (nephrectomy by time effect: P = 0.002). 33 The latter data are similar to a study by our group on renal function adaptation up to the fifth decade after nephrectomy for unilateral renal tumour in childhood.
Actually, 18 older Wilms tumour survivors showed a significant progressive decrease in mean AE SD GFR from 88.1 AE 22.6 mL/min per 1.73 m 2 during the third decade of life after nephrectomy to 66.6 AE 15.6 mL/min per 1.73 m 2 during the fifth decade after surgery (slope = −1.28 to 0.47; P = 0.02). The mean AE SEM values of GFR in patients with an age between 45 and 54 years was significantly lower than that of same age normal subjects (70.2 AE 6.1 vs. 128.1 AE 1.6; P = 0.001).
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In 10 Wilms tumour survivors aged 50 years or older, Kenny et al. found an association between nephrectomy and hypertension. Interestingly, no increased risk of hypertension was previously reported in the same cohort of survivors at a median age of 29 years. The conclusion was that this finding raises the concern that the true prevalence of CKD after nephrectomy in childhood may be ascertained only many decades after surgery. 34 
Comment
The few reports on long-term longitudinal studies on renal function provide evidence that a subset of children with acquired single kidney present after nephrectomy during childhood with a progressive increase in GFR and are able at puberty to recover to two-kidney GFR values. The other subset is not able to recover to two-kidney GFR values and present with a CKD probably because of a low nephron number endowment. Interestingly, after the age of 30 years, children with acquired single kidney present on average with a progressive and significant decline in GFR, which parallels, at significantly lower levels, the physiological decline in GFR. 24 We conclude that long-term longitudinal studies on renal function after ablation of 50% of renal mass in childhood provides some evidence that a subset of children with an acquired single kidney present during adulthood with a progressive declining GFR. Patients surviving more than 50 years after unilateral nephrectomy may present with GFR about 50% lower than that found in the general population with similar age. Noteworthy, a longitudinal study showed that after the fifth decade of life, patients nephrectomized for Wilms tumour may present with an increased risk of blood hypertension. 34 Taken together, long-term cross-sectional and longitudinal studies on renal function outcome after nephrectomy in childhood support the Brenner's hypothesis. 1 
Morbidity and mortality associated with CKD
Is there an association between low GFR and long-term adverse health outcome? A meta-analysis of population studies on the association between low GFR and morbidity and mortality risks suggests that patients over 70 years may present with a graded association between a GFR <90 mL/ min per 1.73 m 2 and a risk for major vascular disease and overall mortality. 6 In addition, a study of an Italian population at low risk of cardiovascular disease showed that a low GFR (<90 mL/min per 1.73 m 2 ) is associated with an increased risk of cardiovascular disease and overall mortality. 5 Furthermore, the study of ESRD risk projection in a large population showed that the ESRD risk was higher in the presence of low GFR (<90 mL/min per 1.73 m 2 ), hypertension, and albuminuria. 35 An increased risk of cardiovascular events and overall mortality has been found in adults who underwent nephrectomy for a renal tumour. 36, 37 However, Lane et al.
reported that surgically induced renal dysfunction in subjects without baseline renal dysfunction, in comparison with those with baseline low GFR caused by medical causes, present with a low risk of progressive renal decline. 38 Information on the risks associated with renal dysfunction due to surgical removal of nephrons in subjects without low baseline GFR is provided by the studies on renal function after nephrectomy for kidney donation. Ibrahim et al. found that, at a mean AE SD of 12.2 AE 9.2 years after donation, the mean AE SD iohexol measured GFR was 63.7 AE 11.3 mL/min per 1.73 m 2 . In addition, 32.1% of donors had hypertension, and 12.7% had albuminuria. However, survival and risk of ESRD were similar to those of the general population. 39 The latter concept has been challenged by two more recent studies comparing living kidney donors not with the general population but with subjects eligible for donation. At a follow-up of about 15 years, kidney donors were found to present with increased risk of ESRD and of cardiovascular/all cause mortality. 40, 41 Not only kidney donors, but also Wilms survivors between 30 and 50 years from diagnosis present with an increased risk of premature mortality for cardiac disease and for second neoplasms. The main cause of cardiac mortality was considered radiotherapy. However, in 1441 Wilms tumour survivors, of 25 deaths diagnosed as "cardiac deaths"; only 10 had chest radiotherapy. 7 Therefore, it is possible that some cardiac deaths might be related with chemotherapy and/or with renal dysfunction. The objective of child caregivers with acquired single kidney is to identify CKD and to differentiate mild/moderate CKD from severe CKD. Mild-to-moderate CKD is asymptomatic. Therefore, all children with acquired single kidney require lifelong monitoring of serum creatinine at least one time per year to estimate GFR with accurate equations; in addition, they require assessment of blood pressure and of albumin-creatinine ratio at least one time per year in a random untimed urine specimen. Children with acquired single kidney and ipsilateral CAKUT or with signs of renal damage should be monitored more stringently. Children with signs of mild/moderate renal damage require treatment to retard the rate of renal function decline. Patients with GFR <30/mL/min per 1.73 m 2 should be referred to a nephrologist for kidney replacement preparation.
Diagnosis and treatment of CKD
CONCLUSION
Is nephrectomy inadvisable to go in removing Wilms tumour? The answer is certainly not because nephrectomy is critical in the treatment of Wilms tumour patients in order to survive. However, a close watch in those children who survive with only one kidney is required because, in many subjects, the remaining kidney is not functioning up to two kidneys. Therefore, the main concern is that GFR <90 mL/ min per 1.73 m 2 in children with an acquired single kidney would prove harmful in the long-term. Available data indicates potential increased risks of cardiovascular disease and all causes mortality in kidney donors, who should have sufficient information about the potential consequences of living with only one kidney. 40 Similarly, available data suggest that unilateral nephrectomy during childhood may cause per se in some subjects an increased risk for cardiovascular disease and overall mortality, that appear to be particularly high after the fifth decade of life. Therefore, children surviving with single kidney require life-long monitoring of GFR, blood pressure, and urinary albumin excretion values at least one time per year. It is important to diagnose not only ESRD but also a low GFR. Indeed, proper treatment of GFR < 90 mL/min per 1.73 m 2 should be provided to slow down the potential progression of renal damage, and to reduce the potential risk of developing cardiovascular disease. Patients with GFR < 30 mL/min per 1.73 m 2 require referral to the nephrologist. A late effect multidisciplinary clinic should be an integral part of acquired single kidney management during childhood. Further studies are required to investigate whether, in children with Wilms tumour, nephron-sparing surgery, in comparison with nephrectomy, may have a renal function advantage with similar oncological outcome.
